visible wavelengths. This wide coverage and resolution were exploited for geologic mapping and age determination. Observations with a resolution of 135 m/pixel were obtained under several different viewing geometries. The stereo-photogrammetric method applied to this data set allowed the calculation of a digital terrain model, from which morphometry was investigated. The observations revealed a 4-km-high topographic relief, named Ahuna Mons, that is consistent with a cryovolcanic dome emplacement.
RESULTS: The~17-km-wide and 4-km-high Ahuna Mons has a distinct size, shape, and morphology. Its summit topography is concave downward, and its flanks are at the angle of repose. The morphology is characterized by (i) troughs, ridges, and hummocky areas at the summit, indicating multiple phases of activity, such as extensional fracturing, and (ii) downslope lineations on the flanks, indicating rockfalls and accumulation of slope debris. These morphometric and morphologic observations are explained by the formation of a cryovolcanic dome, which is analogous to a highviscosity silicic dome on terrestrial planets. Models indicate that extrusions of a highly viscous melt-bearing material can lead to the buildup of a brittle carapace at the summit, enclosing a ductile core. Partial fracturing and disintegration of the carapace generates slope debris, and relaxation of the dome's ductile core due to gravity shapes the topographic profile of the summit. Modeling of this final phase of dome relaxation and reproduction of the topographic profile requires an extruded material of high viscosity, which is consistent with the mountain's morphology. We constrained the age of the most recent activity on Ahuna Mons to be within the past 210 ± 30 million years. Volcanic edifices are abundant on rocky bodies of the inner solar system. In the cold outer solar system, volcanism can occur on solid bodies with a water-ice shell, but derived cryovolcanic constructs have proved elusive. We report the discovery, using Dawn Framing Camera images, of a landform on dwarf planet Ceres that we argue represents a viscous cryovolcanic dome. Parent material of the cryomagma is a mixture of secondary minerals, including salts and water ice. Absolute model ages from impact craters reveal that extrusion of the dome has occurred recently. Ceres' evolution must have been able to sustain recent interior activity and associated surface expressions. We propose salts with low eutectic temperatures and thermal conductivities as key drivers for Ceres' long-term internal evolution.
T he nature of Ceres' landforms and their relation to potential interior activity were unknown until the arrival of NASA's Dawn spacecraft in March 2015 (1) . Ceres has a silicate interior overlain by an outer layer rich in volatiles (1, 2) and a regolith bearing carbonates and phyllosilicates (3) . Annual average surface temperature at the equator is~160 K (4). Volcanism involving melt composed mostly of brines and other volatiles has been suggested on a theoretical basis for that type of body (5) , differing from that of silicate volcanism on terrestrial planets. Some icy satellites of the outer solar system have surfaces dominated by plains of probable cryovolcanic origin (6) (7) (8) . Evidence for cryovolcanic extrusive edifices such as volcanoes or domes remains elusive, however (9) (10) (11) (Fig. 1) . Topographic rises broader than Ahuna Mons are common on Ceres (13) , but the mountain is distinct in its size, shape, and morphology.
Regional context
The photogeologic map presented in Fig. 1D represents a discretization of the surface geology into three-dimensional units formed by distinct events and processes. Map units were defined and characterized through visual investigation of surface texture and morphology, quantitative investigation of albedo and topography, and determination of ages on the basis of relative stratigraphy and crater size-frequency distributions (CSFDs). The area close to Ahuna Mons is moderately cratered (14) and is dissected by troughs (in the "cratered unit"; Fig. 1D, brown) . Topographically, it presents two positive reliefs (a tholus and a mons) and two negative reliefs (crater A and crater B). The tholus is a~30-km-wide topographic bulge (Fig. 1D) , with an irregular base rising~2 km above the surroundings. A~40-kmdiameter impact crater (Fig. 1D, crater A) cuts the southern part of the tholus and is thus younger. The northern section of this crater floor is filled with material displaying two parallel ridges a few kilometers long. The origin of the fill could be ejecta from adjacent impacts or other material related to the continuing development of the tholus after the formation of crater A. North of the tholus is a 17-km-diameter and moderately degraded impact crater (Fig. 1D, crater B) that may have contributed to the fracturing of the subsurface near the tholus. Ahuna Mons is located southeast of the 17-km-diameter impact crater and dominates the northern flank of the tholus (Fig. 2B) . The basal planform of Ahuna Mons is elliptical (21 by 13 km), and its topographic profile is concave downward (Fig. 2C ) with an elevation of~4 km, leading to an aspect ratio (height/basal average diameter) of~0.24. The mountain is surrounded by a smooth-textured unit (Fig. 1D , "smooth unit," blue), which is less cratered than adjacent material. The smooth unit may represent ejecta material from the 17-km-diameter crater or could be associated with the formation of the mountain.
Morphology of Ahuna Mons
Ahuna Mons consists of steep (30°to 40°) flanks of talus (slope debris) material (Fig. 3C , "talus unit," green) and a slightly (~300 m deep) topographically depressed (Fig. 3B) summit unit (Fig. 3C , "summit unit," pink). Little accumulated debris at the base of the talus unit leaves a dramatically sharp contact between the talus and the surrounding smooth unit (Fig. 3A) . The contact to the northwest is characterized by a curvilinear relief of smooth unit material, less than 50 m high, and oriented parallel to the mountain's flank. It could represent uplifted and tilted material due to a subsurface intrusion or a compressional ridge formed by the edifice sagging and spreading (15) . Downslope lineations are evident on the flanks and are likely caused by gravitationally driven rock falls (Fig. 3A) . They are associated with photometrical and spectral variations (Materials and methods) (Fig. 4) . The summit of Ahuna Mons is not covered by debris and displays a variety of structures. Troughs and ridges are present, with an average length of 1 km, 1 km maximum width, and variable orientation (Fig. 3C) . They are plausibly formed by extensional forces in a brittle layer. Summit areas lacking troughs and ridges appear hummocky, with depressions smaller than 1 km (Fig. 3C , "pit") and hills less than 500 m in diameter (Fig. 3C , "knob"). Depressions can be the product of both exogenic (impacts) and endogenic (explosion or sublimation) events. Small hills could represent tilted blocks of a disrupted brittle layer or extrusion of new material penetrating the layer.
Age of Ahuna Mons
The ages of the smooth unit and the 17-km crater unit (crater B) sets the oldest possible formation age of Ahuna Mons because these units predate or are contemporaneous with the mountain formation. We measured CSFDs on these units and applied two different chronology models to derive absolute model ages (14) . Measurements of CSFDs were performed within a geographic information system (GIS) environment (Esri's ArcGIS) by using the CraterTools add-in (16) . The measurements were carried out on the basis of High Altitude Mapping Orbit FC clear-filter image, and the resulting CSFDs were analyzed in their cumulative form with the software CraterStats (17) . One chronology model scales the lunar crater production and chronology functions to impact conditions on Ceres. This approach assumes for Ceres the same size-distribution of projectiles and the same time-dependence of the projectile flux as observed on the Moon (14) . The alternative model derives a production function from the observed and extrapolated object size-frequency distribution of the main asteroid belt and a chronology RESEARCH SCIENCE sciencemag.org function based on simulated collision rates in the main asteroid belt (14) . We determined that the smooth unit and the 17-km crater unit are of similar age: 210 ± 30 million years and 160 ± 30 million years, respectively, using the Lunar Derived Model or 70 ± 20 million years and 70 ± 20 million years, respectively, using the Asteroid Derived Model (Fig. 5 ). Both ages indicate that Ahuna Mons formed in the geologically recent past. Downslope lineations occur on young steep slopes of bodies where the regolith is immature (18) . On asteroid Vesta, where the regolith develops at a lower rate than on Ceres (19) , downslope lineations are erased on surfaces older than 200 to 400 million years (18) . Thus, these features on the flanks of Ahuna Mons are consistent with the young age inferred from crater size-frequency distributions. Although the compositional or surface physical variation represented by the lineations is not discernible in the current data set, it is typical of recently exposed surfaces on Ceres, such as morphologically fresh impact craters. Additionally, a recent emplacement explains the sharp contact between the smooth and talus units because with time and impact bombardment on the flank, the contact would become increasingly diffuse and gradated.
Formation mechanisms
The morphological units of the region near Ahuna Mons and their stratigraphic relations (Fig. 1D ) are indicative of a geological construct. There is no evidence for compressional tectonism nor erosional features such as mesas. Likewise, surface upwarping by diapirism (buoyantly rising material), without piercing the surface, is excluded as a formation mechanism because it requires a thin elastic crust, for which no evidence has been found on Ceres (Materials and methods). Instead, the aspect ratio of Ahuna Mons points to a dome formed mostly through extrusion (20) . The variety of morphologies characterizing the summit unit and the nonsystematic orientation of troughs and ridges are presumably manifestations of multiple dome-forming phases. In contrast, solid-state extrusions on Earth, represented by salt plugs, are formed in a single phase of continuous, slow influx of plug material (21) . The ductile plug material develops characteristic surface structures (such as folds and salt glaciers) (22) not observed on the summit unit.
Multiple phases of fracturing and possibly small-scale extrusions (hills) recorded on the summit indicate the composite nature of Ahuna Mons. This characteristic is analogous to high-viscosity volcanic domes on Earth that grow through a sequence of events such as extensional fracturing and extrusion of lobes (23) (24) (25) . The summit unit thus represents a brittle dome carapace, formed by cooling of the outermost region of a ductile core. The fracturing of the carapace leads to its partial disintegration and production of boulders and smaller debris (26) . Through mass wasting, these unconsolidated materials accumulate into talus. Thus, the talus formation is genetically part of the dome emplacement process and is not the result of erosion by impacts.
The aspect ratio, talus collar, and summit morphologies are indicative of an extrusive volcanic dome, similar to those found on Earth and the Moon (Fig. 6) (20, 23, 27) . The aspect ratio and absence of flow morphologies suggest that the ductile core has a relatively high viscosity (23), as discussed in detail below. Although the materials compositions are different, the number of geomorphological analogies between Ahuna Mons and edifices on Earth suggests that other key properties (such as viscosity) between different planetary bodies are similar and lead to comparable geomorphologic features.
Modeling of topographic profile
We verify that the observed topographic profile of the Ahuna Mons is similar to that of a viscous volcanic dome, as suggested by its aspect ratio. For this purpose, we assume that the profile of a static dome reflects the mechanical equilibrium between a brittle carapace enclosing a pressurized ductile material (28) . A carapace thickness of several hundred meters, as inferred from the summit troughs (Materials and methods), reproduce the concave downward profile of the Ahuna Mons summit (Fig. 7A) , indicating that highviscosity dome development is a viable mechanism for the formation of the mountain. The farthest section (lower flank) of the profile is found to be of constant slope (Fig. 7, A and B, black line), as expected for talus (28) .
For estimates of rheological properties of the material, we turn to a dynamic model that describes the lateral spreading of a dome under the effect of gravity (29, 30) . The volume of the dome, calculated from the static model profile, is considered constant, and thus the dynamic model simulates only the final phase of dome evolution. Initial apparent dynamic viscosity of the dome material is set as a free parameter and is allowed to increase with time because of cooling and will halt the spreading. Modeling 18 Pa s (Fig. 7B) . The viscosities are referred to as apparent because they represent the viscosity of the entire dome at the onset of spreading, including the ductile core and brittle carapace, which is known to mechanically limit the spreading of the dome. The effect of the carapace has been characterized as an increase in the apparent viscosity of the entire dome of approximately four orders of magnitude (31) . This leads to initial actual dynamic viscosities ranging from 4 × 10 11 to 3 × 10 14 Pa s. The advance of the dome front is further reduced by the talus collar, and therefore, we consider this range as an upper estimate. This rheological evaluation confirms the highly viscous nature of the material inferred from morphology. Viscosities of terrestrial volcanic domes calculated from morphometry and detailed modeling of dome growth and evolution are up to 3 × 10 12 Pa s, within the range estimated here (32) .
Discussion
For the formation of Ahuna Mons, we thus propose a volcanic process involving ascent of cryomagma and extrusion onto the surface followed by dome development and spreading. Pathways for rising material were possibly provided by fractures produced by nearby impacts (Fig. 1D, crater B) and by the regional troughs (Fig. 1D) . Second, large impacts on planetary bodies generate shock waves that can cause fracturing of the outermost layers at regions antipodal to impact structures (33) . Ahuna Mons could be part of a broader, fractured antipodal region of Kerwan (10.9°S, 123.6°E), the largest preserved impact basin on Ceres with a diameter of~280 km (14) .
With the plausible initial viscosities presented above and Ceres composition revealed by the Dawn visible and near-infrared imaging spectrometer (3, 34), a few characteristics of the cryomagma can be proposed. Ceres has warmer surface temperatures than those of icy satellites (4) but is of relatively small size and lacks tidal dissipation as a heat source. Temperatures were predicted to be as warm as 230 K starting at >50 km depth (35) , conditions at which the homologous temperature of water ice is low. Our results imply a long-term heat source in the interior as well as the presence of low-eutectic temperature materials for the production of cryomagma (5). On the basis of mineralogical observations at the Occator crater (34) , chloride salts may be present at depths within Ceres. The eutectic temperatures of chlorides are close to or lower than 230 K, hence enabling melt formation at~50 km depth, or at shallower depths (35, 36) . The presence of a few percent of melt lead to a decrease in viscosity by >5 orders of magnitude compared with the solid parent material, and even more if the melt is connected (37) . We propose that the parent material of the cryomagma may consist of chloride-rich brines, the potential melt phase; secondary minerals, such as carbonates and phyllosilicates (3); and water ice. Crucial information on the extruded material at a microscopic scalecompositional and textural characteristics at a sample scale-is missing, and despite chloride brines being frequent in terrestrial environments, relevant rheological data are lacking. As a consequence, we are unable to determine the melting behavior of the proposed parent material (for example, the percentage of melt upon extrusion), nor the proportions of the components in the resulting cryomagma, or the exact mechanism enabling its ascent and eruption. However, our understanding will improve with further determination of local-scale mineralogy and gravity measurements, as well as supporting experimental measurements. The presence of low-eutectic salts is consistent with a past phase of aqueous alteration of the rocky component at a global scale, as indicated by the surface mineralogy (3). This process was key for Ceres chemical and thermal evolution because the interaction enabled the leaching of alkali, alkaline-earth, and other soluble materials from the rock into fluids. The aqueous alteration allowed the fluid to become enriched with impurities, such as salts of low thermal conductivity, and radionuclides ( 40 K in particular)-hence, the displacement of the main long-term heat source from the core to the mantle (38) where cryomagma production occurred.
Although the broader and more degraded topographic rises on Ceres (13) are distinct from Ahuna Mons in several aspects, they might share a common formation process and imply that volcanic activity occurred over an extended period. Their different morphologies might be related to a change in the rheological properties of cryomagmas with time or during ascent, as proposed for lunar analogs (27) . Ceres cryovolcanic activity and the composition of its cryomagma adds to the geological diversity of the solar system because they differ from volcanism of volatilepoor protoplanets. For example, on Vesta, volcanism based on igneous minerals was active only in the first tens of millions of years (39) . The evolution of Ceres, dictated by its volatile-rich composition, resulted in the production of cryomagmatic liquids that enabled surface activity in geologically recent times.
Materials and methods

Description of digital terrain model method
The stereo-photogrammetric processing of Ceres Framing Camera images is based on a software suite described in (40) (41) (42) (43) (44) . The stereo-photogrammetric processing is segmented into five steps: photogrammetric block adjustment, multi-image matching, surface point triangulation, digital terrain model (DTM) generation, and basemap generation (42) . The cartography system is the International Astronomical Union system defined by the tiny crater Kait (1). The DTM used in this study is calculated with respect to an ellipsoid with a grid space of 205 m/pixel. The height is given with an uncertainty of 14 m.
Discussion of diapirism as formation mechanism
The surface topography of an elastic layer resulting from an ascending spherical diapir was described by (45) . the high aspect ratio (edifice height/basal diameter) of Ahuna Mons (~0.24) can be produced by a thin elastic layer (<5 km) and a large density contrast (between diapir and surroundings) of >500 kg m . Evidence for a thin elastic crust on Ceres is currently lacking (1, 14) , while such a large density contrast would require a high concentration of volatiles within a spatially limited (few tens of km) location. Hence the case for diapiric process and surface upwarping is not supported by existing conditions observed on Ceres.
Description of FC albedo and color mosaic
The Framing Camera is equipped with filters covering the range 0.4 mm to 1.0 mm (12) for multi-spectral analyses. We used the global average photometric models of Ceres derived from 400 m/pixel data (46) to correct the local scattering geometry to incidence angle 30°, emission angle 0°, and phase angle 30°and remove the effect of local topography in~135 m/pixel images (Fig. 4A) . The photometrically corrected images from multiple filters were rectified and map projected, and combined to produce false-color mosaic for the Ahuna Mons region. The false-color mosaic was calculated with the following reflectance ratios: red channel shows R(0.97 mm)/R (0.75 mm), green channel shows R(0.75 mm) and blue channel shows R(0.44 mm)/R(0.75 mm), with R the reflectance at the given wavelength (Fig.  4B) . These ratios enable the identification of the changes in the visible spectrum of Ceres at global and regional scales. The area surrounding Ahuna Mons appears reddish punctuated by blue spots, probably small (<1 km) impact craters. The talus unit with downslope lineations has different values, appearing cyan and yellow in Fig. 4B ; similar values are found elsewhere on Ceres on morphologically fresh-appearing slopes of impact craters and on bright ejecta rays. Most of the lineations display high albedos, reaching values 15% higher than the global average, and their visible wavelength spectrum possesses a negative (blue) slope relative to surrounding material. The summit unit is distinct from the talus and contains reddish areas similar the surrounding terrain. Aside from the downslope lineations, no other clear correlation is found with the geologic map of Fig. 1D .
Estimation of trough depth and carapace thickness
Accurate estimate of the carapace thickness would require knowledge of the troughs (Fig.  3C ) formation mechanism and geometry, which cannot be precisely determined at the resolution of the images and the digital terrain model. As a first order approximation, we consider the troughs as symmetric grabens, and adopt the relationship of (47) . Symmetric graben formation is a consequence of fracturing and uplifting of a brittle layer by an upward intruding viscous fluid (47) . The width of the graben has a linear correlation with the thickness of the brittle layer, the thickness to width ratio being 0.89 (47) . With trough widths in the range~500 m to~1 km, the carapace depth is estimated to be in the range 450-890 m. This range represents a lower estimate, however, as other formation scenarios are plausible, such as horst and graben or tilted-blocks systems (48) . Therefore the carapace can be thicker than the estimated range.
Description of the topographic profiles
The topographic profile used for comparison with the static and dynamic models is calculated as follows. As shown in Fig. 2B , the topographic profile SSE-NNW of the Mons is strongly asymmetric, probably because of the pre-existing tholus topography (28) . A similar setting is found for the Compton-Belkovich complex on the Moon. The profile shown in Fig. 2C perpendicular to the Fig. 2B profile is oriented along the tholus flank and better represents the unaffected Mons shape. Because the profiles differ, three WSW-ENE profiles are averaged (blue lines in Fig. 2A ) and used for model comparison (Fig. 7B) . The use of the WSW flank is avoided because it is affected by a terrace.
Description of the static model
The shape of a dome in static equilibrium between the pressurized ductile interior (magma) and the rigid carapace can be described by r, the radial coordinate, z, the vertical coordinate, and f the angular coordinate. These variables are related by the following equations (28):
where t and s are the thickness and tensile strength of the carapace, and r is the density of the ductile material. Ceres gravitational acceleration is g (0.28 m s -2 , (1)). The solution of these equations, i.e., the shape of the dome, is governed by a single dimensionless parameter that incorporates all physical parameters, i.e.,
with h the pressure head (expressed in m) at the apex of the dome (28) . For magma density we adopt the outer layer density range of 1680-1950 kg m -3
, estimated from Dawn's gravity and shape measurement and considering a two layer model for Ceres' interior (2) . The carapace thickness is estimated to be in the range of 450-890 m based on the summit troughs width and assuming that they formed as symmetric grabens. Tensile strength is taken between 1 × 10 6 and 1 × 10 7 Pa, as of terrestrial high-viscosity magmas such as dacites (28) . The choice of a different composition, i.e., using tensile strength of water ice, has no effect as this water ice property (49) is comparable to that of high-viscosity dacite material.
The model profile is fitted to the measured profile for radial distances from the center up to 6.7 km. The latter value represents the distance beyond which the measured profile is dominated by the constant angle of repose of the talus. The talus angle of repose is calculated in a representative section of the profile between the distances 8-11 km. In this range, the difference between the profile calculated with the angle of repose and the measured profile is less than 100 m. The measured profile deviates from the constant angle of repose profile by more than 100 m at distances less than 6.7 km. A root-meansquare error is calculated between distances 0 and 6.7 km. For matching the model and measured profiles an additional constraint is defined: at distances greater than 6.7 km, the model profile is required to have lower elevations than the measured profile.
The static model with the smallest root mean square (RMS) error (~1.0%) is obtained with D (Fig. 1C) heavily affect the surface of the tholus, preventing reliable determination of crater size-frequency distributions for the area.
values of~5 (Fig. 7A) . These values are achieved with a pressure at the dome apex (in excess of the hydrostatic pressure) between 5 × 10 4 Pa and 2 × 10 5 Pa, depending on the tensile strength, density and thickness ranges, an order of magnitude lower than viscous dome magma pressures on Earth (28) .
Description of dynamic model
The dynamic model is described in (30) and is an improvement of the gravity current model of Newtonian fluids applied to volcanic domes of (29) . Newtonian fluid behavior is used for simplicity to approximate the complex lava material bearing melt, crystals and volatiles, and usually behaving as a viscoplastic material (23, 50) . The model applied here takes into account the viscosity increase with time, an important effect not fully considered in previous work (29) . We assume a homogeneous ductile core with a circular basal planform. These two properties represent a simplification of Ahuna Mons, because the composite nature of the dome suggests variations in rheology within the core and the basal planform is approximately elliptical. The equation governing the profile of the dome, i.e., elevation h and radius r as a function of time t, is (30):
The volume is defined by the profile of the static model (V = 6.14 × 10 11 m 3 ). Keeping the volume constant means spreading occurs once all material is extruded. This is a further simplification of the process forming Ahuna Mons: a possible cooccurrence of spreading and ongoing material extrusion. The initial radius r 0 is arbitrarily taken between 2-6 km. Using values within this range, the final kinematic viscosity value varies less than 10%. The initial elevation h 0 , is defined by the volume and initial radius. t is a time constant. The transformation variable for the time-dependent viscosity is:
and it results from defining the time-dependent viscosity as
G, the timescale over which the viscosity increases exponentially, is found iteratively with the requirement that the dome front does not advance once the relaxation time is reached. The time constant t is defined with n 0 , the initial bulk kinematic viscosity, as follows:
The relaxation time is estimated by considering that the dome stops spreading after significant cooling. An upper estimate is obtained by considering that cooling is limited by conduction. For a dome of elevation d, the cooling by conduction timescale can be approximated as follows (51):
With k delineating thermal diffusivity. Radiative cooling represents a lower estimate as it assumes that the entire dome remains isothermal (52):
where r and c p are the density and heat capacity, respectively. T is the temperature during spreading and s the Stefan-Boltzmann constant. The diffusivity depends on the density, thermal conductivity, heat capacity and temperature of the material (53 The following timescales and viscosities are obtained if a material of pure water ice at 230 K is considered. Although the material of Ahuna is unlikely to correspond to such composition, the differences from a silicate-dominated material are here considered as an estimate of the uncertainties due to composition. Thermal diffusivity for water ice at 230 K is 1.6 × 10 
